The time evolution of two major chlorine reservoirs, HC1 and C1ONO2, in the polar lower stratosphere for both hemispheres in late spring and early summer was analyzed by utilizing satellite measurements. Analysis of the collocated C1ONO2 observed with ILAS, and HC1 observed with HALOE indicated that Cly was mostly in the form of HC1 in the Antarctic vortex in November 1996, while more than half was ClONO2 in the Arctic vortex in March 1997. The analysis of N20 indicates that there was strong subsidence of the air inside the Antarctic vortex. The vortex remnant with HC1-rich air persisted in December 1996 even after the vortex weakened, suggesting slow mixing in the boundary. The C1ONO2/Cly ratio was about 0.3, which was derived from analysis of correlation with N20, as a representative value for the extravortex air and upper air inside the vortex (with potential temperature greater than -600 K) in both hemispheres in spring .
I. Introduction
Inside the polar vortex in winter, heterogeneous reactions that proceed on polar stratospheric clouds (PSCs) convert inactive chlorine reservoirs to active forms of chlorine. When the active chlorine is deactivated back to chlorine reservoirs, the relative ratio of the two major chlorine reservoirs, hydrochloric acid (HC1) and chlorine nitrate (C1ONO2), controls the effectiveness of stratospheric inorganic chlorine (Cly) in ozone destruction in the lower polar stratosphere during the ozone recovery period, because C1ONO2 is easy to decompose when exposed to solar ultraviolet radiation, leading to catalytic ozone destruction (Toumi et al. 1993) , while HC1 is a comparatively benign form of chlorine.
In the Antarctic "ozone hole" ozone is almost completely depleted. Besides, the vortex air is often significantly denitrified. Under such condition, NO/NO2 and Cl/C10 ratios shift toward NO and Cl (Prather and Jaffe 1990) . As a result, the active chlorine in the Antarctic vortex is mostly converted into HC1 via the reaction of Cl with methane, Cl + CH4 -> HC1 + CH3. On the other hand, under moderate ozone destruction, the NO/NO2 and Cl/C10 ratios shift toward NO2 and C10, and therefore ClONO2 forms via the third-body reaction, C10 + NO2 + M -> ClONO2 + M.
In contrast to the Antarctic stratosphere, in the Arctic polar vortex, ozone depletion is generally moderate and the level of denitrification is much lower than in the Antarctic polar stratosphere. Under these conditions, a significant enhancement of C1ONO2 inside the vortex was reported by balloon-borne measurements, airborne measurements, and from space (Hayashida et al. 2007 and references therein). Antarctic and Arctic dissimilarities of deactivation processes were investigated by some earlier studies (Douglass et al. 1995; Santee et al. 1996; Michelsen et al. 1999) , but globalscale measurements of ClONO2 and HC1 over long period are limited and year-to-year variations in deactivation processes in the polar stratosphere
are not yet clear. From November 1996 to June 1997, the Improved Limb Atmospheric Spectrometer (ILAS) was successful in observing profiles of ClONO2 with ozone and ozonerelated species in both polar stratospheres . ILAS added a new record of ClONO2 for these years. During the same period with ILAS, the Halogen Occultation Experiment (HALOE) observed HC1. Although ILAS observation period was limited to about eight months, it is possible to compare the C1ONO2/ILAS and HC1/HALOE for both hemispheres from late spring to early summer, the season during which the depleted ozone is recovering. As ILAS also measured nitrous oxide (N20), by which one can eliminate the effect of descending motion in the vortex, a combined dataset including N20 and chlorine reservoirs can yield new information that has not been obtained before. Hayashida et al. (2007) (H2007 hereafter) reported in detail the results of Cly partitioning in the Arctic polar stratosphere during the whole winter of 1996/1997. This article focuses on the data in late spring and early summer, and reports the hemispheric contrast of Cly partitioning observed in the polar lower stratosphere during the ozone recovery period.
ILAS
measurements and data analysis procedures
The ILAS was an occultation sensor onboard the Advanced Earth Observing Satellite (ADEOS), and monitored profiles of ozone, N20, C1ONO2, and other ozone-related species with height intervals of 1 km, 14 times daily. The latitudinal coverage of ILAS was limited (56.6 -72.4°N and 64 -87.9°S; Fig. 1 a) , but it observed inside and outside polar vortex frequently. Version 7 (V7) of ILAS dataset was used, in which aerosol and gas species were retrieved simultaneously, and the quality of gas species data was considerably improved especially in PSC scenes (Oshchepkov et al. 2006) .
To examine the chlorine partitioning, we also analyzed HC1 data observed with HALOE (Version 19; Russel et al. 1996) with the ILAS ClONO2 data. Occultation events of both sensors were considered collocated if the distance between the two events was less than 300 km and if the time difference between the two observations was less than 12 h. Differences in the latitudinal coverage of measurements limited the period of coincident measurements. The details of the data used in this analysis are summarized in Table 1 .
For data analyses, all data were categorized to inside, boundary, and outside the polar vortex when the polar vortex can be regarded as persistent. Inner and outer boundaries of the polar vortex were determined as by Nash et al. (1996) . and Sugita, Inorganic Chlorine Partitioning To eliminate the descending effect on the time evolution of chlorine species on the isentropic surface, chlorine partitioning was analyzed with respect to N20. Though ILAS has no information of C10 (or C1202), formation of active chlorine must have been suppressed in the season that this study targeted. Here, we regarded the summation of the two reservoirs (HC1 + C1ONO2) as Cly approximately and examined the N20-Cly correlation. Figure 3 depicts the correlation of N20 and HC1 + C1ONO2 observed in January 1997 for SH (period S-III) and in June 1997 for NH (period N-III). The N20-Cly relation is similar to the results from Bonne et al. (2000) (orange line) derived from airborne measurements of chlorine species in June 1997 over NH. The difference between ILAS and Bonne's correlation may be attributed to systematic negative bias in C1ONO2/ILAS (H2007), or partly to negative bias in HC1/HALOE (Froidevaux et al. 2006) . Although there is considerable uncertainty in the N20-Cly correlation shown in Fig. 3 , this correlation is compact enough to be utilized to eliminate the effect of descending motion.
To examine the ratio of the two reservoirs, we defined the ratio R = C1ONO2/Cly (Cly = C1ONO2 + HC1) for the coincident events of ILAS and HALOE. Figure  4a -c depicts the correlation of N20 and R observed in November 1996 (a), December 1996 (b), and January 1997 (c) for the SH, respectively. Data were categorized according to the vortex situation when vortex persisted, as in Fig. 2 . Figure 4d -f shows also the N20-R correlation for the NH. Enhancement of C1ONO2 inside the vortex is evident (see also N20-C1ONO2 correlation in Fig. 3 of H2007) . Figure 4d -f indicates transition from chemically perturbed situation to the NH background situation of chlorine partitioning.
Discussion
NOAA Climate Prediction Center (CPC) SH Winter Bulletin (WB) reported that the ozone hole of 1996 was characterized by extremely low ozone (near 100 DU) and by long persistency of the polar vortex until early December. As shown in Fig. 2a -c, ozone mixing ratios inside the vortex were much lower (by more than 2 ppmv) than those outside the vortex in November 1996 on all isentropic surfaces. In particular, ozone is almost depleted on 475 K in the vortex, and therefore the Cl/C10 ratio must have shifted toward Cl there. The HC1/HALOE time series also verified that HC1 formed preferentially at the 475 K level inside the polar vortex as observed in November and December.
For the period S-I, two branches are evident in the N20-R scatter plot shown in Fig. 4a : one for vortex air and one for extravortex air. Low values of N20 VMR (< 90 ppbv) in the vortex air (red) indicate a strong subsidence of the upper air that involves lower N20 VMR, while the extravortex air (shown in gray) contains more N2 O. Boundary data (blue) are in between the two branches. On 475 K, shown by a solid line in Fig. 4a , Rvalues inside the vortex were extremely low (less than 0.01); almost all Cly was in the form of HC1 inside the vortex. The wide span of N20 on the same isentropic surfaces (see isentropic surface lines in Fig. 4 for the period S-I) indicates that mixing on the isentropic surfaces was slow, and vortex air was strongly isolated.
In the period S-II (Fig. 4b) , vortex air and extravortex air were not identified, because polar vortex was already weakened. However, two branches are still clear in the N20-R scatter plot; vortex air remnant persisted even after the vortex diminished. The isentropic lines in Fig. 4b indicate a persistent wide span of N20 VMRs between the vortex and the extravortex air masses for about three weeks on the same isentropic surfaces, which again confirmed that isentropic mixing in the vortex edge region was slow. Michelsen et al. (1999) analyzed Cly-partitioning data from airborne observations coupled with observations from space in October and November 1994. They concluded that Cly recovered completely into HC1 in the Antarctic polar vortex, and an unusually high ratio of HC1 to Cly (> 0.9) was maintained while the vortex air was strongly isolated. Their results are consistent with the results presented in this article. However, the polar vortex persisted longer in 1996 than in 1994; the date of vortex disappearance was on the daynumber of 338 in 1994 while 350 in 1996 according to NOAA (2006) . Our analysis revealed that even in December, one month later than the period that Michelsen et al. (1999) reported, an unusually high HC1/Cly ratio (> 0.9) was In contrast to 1994 and 1996, stratospheric warming was unusually early in 2002 (vortex diminishment date 320). Hopfner et al. (2004) found a pronounced increase of ClONO2 in 2002, which is a very different situation from that of 1996. However, the vertical distribution of C1ONO2 shown in Fig. 1 b has similar features observed in 2002 before the vortex breakup (see Fig. 1 of Hopfner et al. 2004 ). More C1ONO2 is evident at higher altitudes (> 600 K) than at lower altitudes (-475 K) inside the vortex. As indicated by the time series of HC1 in Fig. 2 , more HC1 is also pronounced at 600 K inside the vortex, suggesting that more Cly corresponds to low N20 due to a strong subsidence of air. The R-N20 diagram indicates that the upper air (low N20) has a similar ratio of R (-0.3 inside the vortex), with almost the same level of R outside the vortex. This value can be regarded as representative R in nonprocessed air.
In the Arctic vortex in winter of 1997, significant ozone depletion was observed; but about 3 ppmv of ozone still remained, which is enough to result in C1ON 02 rather than HC1 being produced upon deactivation of active chlorine. Correlation of the N20-R observed in March 1997 (Fig. 4d) clearly shows enhancement of C1ONO2 in vortex and boundary air, which verifies the preferential C1ONO2 production in the Arctic vortex. As seen in Fig. 4e , the dashed line (550 K) in N-II period also indicates a persistent wide span of N20 VMRs as in S-II, which suggests that isentropic mixing in the vortex edge region was also slow in the NH. In June (Fig. 4f) , N20 on the 475 K and 550 K isentropic surface had narrow spans, suggesting that the mixing of vortex remnant with extravortex air was almost completed; however, the air was not yet well mixed at higher altitudes (> 600 K).
In summer of both the hemispheres (S-III and N-III), R-values are compared with the earlier studies. For the range of inferred Cly between 2.5 and 3.0 ppbv, corresponding N20-100 ppbv, R is about 0.37 in N-III, which is almost comparable to the aircraft measurements in late spring (Bonne et al. 2000) . In R is about 0.25, which is rather smaller than that in N-III. The difference could be attributed to the different conditions of the radiation field, ozone VMR, and temperature from those in N-III, because ILAS measurement latitudes shifted polewards in February (see Table 1 ). and Sugita, Inorganic Chlorine Partitioning Table 1 . The solid, dashed, and dotted lines in each panel indicate cubic polynomial fit to the data observed on 475 K, 550 K, and 600 K isentropic surfaces, respectively.
Conclusion
The time evolution of C1ONO2 and HC1 in the polar lower stratosphere during ozone recovering period presented a clear hemispheric contrast; Cly was mostly in the form of HC1 in the Antarctic vortex, but in the form of ClONO2 in the Arctic vortex. The ClONO2/Cly ratio (R) was inferred from N2 0-Cly correlation.
In the Antarctic vortex, R was almost zero at lower altitude (N20 > 50 ppbv), and the vortex remnant in which most of the Cly was in the form of HC1 persisted even after the vortex diminished for at least three weeks. R-values approached to about 0.3 at higher altitudes (N20-0), and the R-value of 0.3 was also regarded as a representative value for the extravortex air in both hemispheres in spring.
